INTRODUCTION
Because of its sensitivity to the seasonal and long-term migration of the Intertropical Convergence Zone (ITCZ), the Cariaco Basin, Venezuela, constitutes a natural sediment trap that archives records of tropical climate and oceanographic change (Peterson et al., 1991 Goñi et al., 2004; Black et al., 2007; Tedesco et al., 2007) . A key to deciphering the Cariaco sediment record is to understand the source of the terrigenous material delivered to the basin, in order to determine the pathway of sediment delivery (e.g., fl uvial and/or eolian) as a proxy for climate change (Yarincik et al., 2000; Haug et al., 2001; Peterson and Haug, 2006; Martinez et al., 2007; Elmore et al., 2009) . A limitation, however, is the paucity of data regarding potential detrital sources, and in particular for sediments derived from the continental shelves located around the Cariaco Basin and local rivers (Gamboa et al., 1986; Longa and Bonilla, 1987; Martinez, 2002) .
We here characterize sediment from the Cariaco shelf and Orinoco Delta ( Fig. 1 ; see the GSA Data Repository 1 ). We compare our results to those from sediment traps from the Cariaco Basin ocean time series Martinez et al., 2007; Elmore et al., 2009) and Pleistocene paleorecords to provide insight into the climatic mechanisms regulating Cariaco sediment composition over multiple time scales. In this study, we were able to reduce the uncertainty manifested by some of the previous source-discrimination work in the Cariaco Basin by geochemically and statistically characterizing surface sediment collected from the shallow parts of the broad Cariaco region, resulting in a more specifi c understanding of the provenance of terrigenous material to the basin. While previous studies have addressed the geochemistry of the modern system at a discrete location (sediment Martinez et al., 2007) , and others have studied paleorecords at other discrete locations (e.g., cores of various ages; Yarincik et al., 2000; Haug et al., 2001) , we provide, to our knowledge, the fi rst regional study of the chemistry of local fl uvial sources to the Cariaco Basin.
CHEMICAL AND INTERPRETIVE METHODS
Chemical data (Tables DR1-DR3 in the Data Repository) were assessed using standard geochemical diagrams and elemental correlations (R 2 ), as well as by Q-mode factor analysis and multiple linear regression (Martinez et al., 2007; Ziegler et al., 2007) . For analytical and statistical methods (and terminology), see the Data Repository.
GENERAL SEDIMENTARY COMPONENTS
Due to the shallow and broad shelf along the southern edge of the basin, a signifi cant amount of material supplied from the four major local rivers (the Tuy, Unare, Manzanares, and Neverí) can be trapped along the shelf rather than transported to the basin. (For descriptions of the geology and geochemistry of the regions supplying terrigenous material to these rivers, see the Data Repository.)
Chemical data are shown in geographic zones ( Figs. 1 and 2 ). Physical examination, chemical analyses, and elemental correlations (Table DR4) indicate that the sediments are composed mainly of terrigenous matter and carbonate. Carbonate is extremely high on the northern and eastern shelf circling the basin, and low in the southern platform near the mainland, while terrigenous material is higher in the southern platform (Fig. DR1) . These results are consistent with the Tuy being the most important river in terms of sediment discharge, followed by the Unare, Neverí, and Manzanares. The lower terrigenous content found east and north also agrees with the lower fl uvial infl uence of these areas. Thus, terrigenous material dominates close to the local rivers, and CaCO 3 increases as the marine biogenic component becomes increasingly important away from the coast. Terrigenous material and CaCO 3 dilute each other.
Factor analysis based on Al, Fe, Mn, Ca (or Sr), Zr, and Ti confi rms that Cariaco sediment is dominated by terrigenous matter and carbonate, and further suggests that two separate detrital sources compose the terrigenous component (Table DR5A) .
TERRIGENOUS MATERIAL
The terrigenous component is refl ected in the strong correlation between detritally associated elements such as Al, Ti, Fe, Mg, K, Cr, Sc, Li, Rb, Cs, rare earth elements, Na, and Pb (i.e., R 2 > 0.7; Table DR4 ). Zr and Hf, which are also frequently associated with detrital material, correlate only to each other (R 2 = 1) and not to other detrital elements (R 2 < 0.2). Of these elements, we focus on Al, Ti, K, La, Sc, Th, Rb, and Cr, which represent a well-established suite of detritally associated elements. Normalizing to Al, to account for dilution by CaCO 3 , indicates that Ti, K, Rb, Sc, Fe, and Cr plot between representative average shale (e.g., PAAS, Post-Archean Australian Shale) and/or upper crust and more mafi c materials for all regions (Fig. 2) . Many areas document Th/Al and La/Al values outside of this felsic to mafi c range, and these ratios show considerable spatial variability (Fig. DR1) .
Three factors explain 99% of the data variability ( Fig. DR2 ; Table DR5B ). Factor 1 explains between 47% and 51% of the variability, with Al, Sc, K, and Rb having high factor scores, along with high concentrations of Sc and intermediate concentrations of K and Rb. Factor 2 explains between 36% and 42% and shows high La and Th scores and compositions. High concentrations of Rb and K, but not signifi cantly high factor scores, suggest that high concentrations of Rb and K are a secondary feature of factor 2. Factor 3 explains 8%-17% of variability and is defi ned by high scores of Ti and Cr and low K and Rb scores. The spatial distribution of the square loadings confi rms that the Tuy and Tuy-Tacarigua, Manzanares, and Araya-Margarita regions (together with the Neverí and Unare) are the three main areas with notable differences in the factors (Fig. DR2) .
Comparing factors 1, 2, and 3 with the sediment data, natural rocks, and reference materials shows that the samples plot within or close to the mixing fi eld between the three factors (Fig. 3A) . Some aerosols, PAAS, upper crust, Orinoco, and Amazon fl uvial material plot toward the center of the fi eld defi ned by the samples and factor 3, while mafi c materials, factor 2, and Tuy samples are located toward Sc. Figure 3B further resolves the samples and shelf areas.
Thus, by considering the chemical distributions (Fig. DR1) , the factor compositions of the terrigenous elements (Table DR5B) , their factor scores and spatial distribution (Figs. DR2A, DR2B) , and their relative chemistry (Fig. 3) , the three regions can be clearly differentiated (Table 1) .
IMPLICATIONS FOR GLACIAL-INTERGLACIAL PROVENANCE
The K/Al and Ti/Al in Pleistocene sediments from Ocean Drilling Program Site 1002 (Fig. 1) were used to determine glacial-interglacial terrigenous source variability as a proxy for tropical climatic forcing (ITCZ fl uctuation; Yarincik et al., 2000) . Lower glacial K/Al was interpreted to refl ect an increase in local fl uvial inputs, which are enriched in kaolinite (Longa and Bonilla, 1987) and therefore should have low K/Al. Glacial lowstands were postulated to increase the importance of local rivers. In this study, K/Al in the southern shelf (~0.14-0.19 g/g for Tuy-Tac, Unare, and Neverí), as well as in the sediment traps (Martinez et al., 2007) , is similar to the glacial K/Al (0.16-0.20; Yarincik et al., 2000) . Higher interglacial K/Al values (~0.20-0.26; Yarincik et al., 2000) correspond to values found in the Tuy, Manzanares, Orinoco (~0.19-0.24), and a few samples in the traps from 1997 (Martinez et al., 2007) . Therefore, our data suggest a glacial-interglacial switching of sources, with the Tuy-Tacarigua, Unare, and Neverí being more important during glacials, and the larger Tuy, Manzanares, and Orinoco being more important during interglacials. Lacking fl uvial Ti data, Yarincik et al. (2000) inferred that it would be similar to upper crust (0.037 g/g). At that time, the only high-Ti source known was eolian material, which is enriched in rutile (Glaccum and Prospero, 1980) . We have found, however, that shelf Ti/Al is almost always >0.05. Indeed, the only samples with lower Ti/Al are those from the north (Tortuga), one sample from Araya, and two from Manzanares. Since these all have high CaCO 3 , their lower ratio may be due to the carbonate and/or grain size, and may not necessarily be recording low terrigenous Ti/Al. Therefore, because several shelf areas have Ti/Al >0.07 (Fig. 2) , the glacial-interglacial Ti/Al model that used Saharan dust as the only high Ti/Al end member (~0.079; Yarincik et al., 2000) is not unique. As with K/Al, Ti/Al also supports the possibility of a glacial increase in Unare and Neverí input. However, because the lowest Ti/Al found on the shelf, other than the carbonates, is >0.05, a low Ti/Al source that is different from the local rivers must be responsible for the lower interglacial values.
COMPARISON TO SEDIMENT TRAPS
In the absence of other data, it was assumed in Martinez et al. (2007) that local rivers had an upper crust-like composition. Thus, those regression models were based upon three sources: upper crust (Taylor and McLennan, 1985) , average basalts (Li, 2000) , and Saharan dust (Glaccum and Prospero, 1980) . Using the same trap data together with the new shelf data generated here (to better represent the local rivers), we produce new mixing models. We assessed a range of mixings, including combinations of different rivers and shelf chemistries, Saharan dust, and generic sources (e.g., upper crust, PAAS). Although many combinations were tried, only a few yielded low statistical residuals and geologically reasonable contributions. The best fi t (Figs. DR3 and DR4) was assessed by the ability of the mixing to generate a composition that closely paralleled the measured data, in terms of seasonality and dynamic range and absolute value of the data.
The best models collectively utilized upper crust, one of the local rivers (either Tuy, Unare, or Neverí), and Saharan dust. The Fe/Al and Ti/ Al predicted by these models are very close to the trap data, in terms of both seasonality and magnitude (with values only slightly greater than the data). The range of variability predicted for Th/Al, La/Al, and Cr/Al is signifi cantly smaller than the data, although their average magnitudes are comparable. Specifi cally, the combination of upper crust, Tuy, and Saharan dust fi ts the observed data slightly better than models using data from the other rivers, or those based on rivers alone.
The models suggest seasonal contributions and show the fl uvial component (either Neverí, Unare, or Tuy) as the most important source of terrigenous material, especially during rainy seasons (Table DR7 ). The eolian component is frequently small, suggesting that eolian dust may not be required to explain the modern variability (of at least Fe/Al and Ti/Al) if the local rivers are used as sources. We note, however, that the amount of eolian input hypothesized in Yarincik et al. (2000) for the glacial-interglacial time scale, or in Martinez et al. (2007) for the seasonal time scale, is so low that it may not be recognized by the statistical treatment of these shelf data sets, even though it has a large "lever arm" on the resultant chemistry. Recent sedimentological work documents the presence of eolian material at these low levels (Elmore et al., 2009 We highlight a remaining conundrum. The data and statistical treatments support Martinez et al. (2007) in that the Tuy, Unare, or Neverí Rivers could fulfi ll the geochemical and statistical need for a mafi c component contributing to the traps. Moreover, the models presented here suggest an upper crustal component, but this cannot be satisfi ed by the composition of any of the shelf sediments. Since the eastern shelf is the least represented in our sampling (only three samples), the possibility of riverine upper crust-like material coming from Margarita Island or the Araya Peninsula is still in question. This area is characterized by strong winds and severe aridity, and therefore a local eolian component from the eastern reaches of the region is plausible. Despite the presence of small mafi c bodies on Margarita, some of the most abundant lithologies found in northeastern Venezuela are Cretaceous metasedimentary rocks and Cenozoic sedimentary rocks (see the Data Repository). Therefore, the potential for an upper crust-like signal coming from this area should be explored further.
ORINOCO SOURCE?
Our elemental ratios from the Orinoco Delta agree with previous geochemical studies of Orinoco sediment (Fig. DR5) . When compared to the Cariaco region, the Orinoco ratios of Ti/Al, Fe/Al, Rb/Al, La/Al, and Th/ Al (Fig. 2 ) are higher than those from the traps, but are similar to many samples from the Cariaco shelf. The variability of Ti/Al is higher than for other ratios; however, there are only four samples with ratios signifi cantly higher than other shelf areas. However, Sc/Al and Cr/ Al from the offshore Orinoco Delta are both notably lower than in the Cariaco trap and shelf samples. The K/Al ratio is similar to that of Tuy and Manzanares and to the lower trap values. Other comparisons (Fig. DR6) indicate that Orinoco samples plot close to upper crust and sometimes between upper crust and eolian dust but, notably, farther from basalts.
To explore whether the Orinoco acts as a source to Cariaco, we also used the composition of these samples in linear regressions. The average Orinoco composition was iteratively placed in the position of either upper crust, eolian, or local rivers in a series of regression experiments. All the models tested yielded Orinoco contributions that were either zero or unreasonably high (> 60% of the total terrigenous load). A zero contribution could indicate that the Orinoco is not needed to satisfy the model. This does not necessarily imply absence, however, due to its compositional similarity to some Cariaco sediments. Alternatively, contributions that are clearly too high in some models could be the result of Orinoco material having Fe/Al and Ti/ Al ratios similar to those of the traps.
We also observe similarities between the Araya-Margarita, Manzanares, and Orinoco regions (Fig. DR6) . Since the area between Araya and Margarita Island constitutes the closest pathway by which Orinoco material could reach Cariaco, these similarities perhaps support an infl uence of the Orinoco to the Araya Peninsula. However, the data and models do not offer any stronger argument supporting an Orinoco infl uence to Cariaco sediments.
